Abstract-Visual biofeedback with information about the patients' degree of activity is a valuable adjunct to robot-assisted gait training as means of increasing the motivation and participation of the patients during highly repetitive training sessions. In the driven gait orthosis (DGO) Lokomat, an estimation of the patient's activity level was based on man-machine interaction forces as measured at the hip and knee actuators of the exoskeletal device. In an early approach, theoretical assumptions about the expected man-machine interaction forces, due to the varying behavior of the patients, were formulated for the calculation of quantitative biofeedback. In contrast to this theory-based approach, we have developed a novel method where the biofeedback calculations were based on measured reference man-machine interaction force profiles of healthy subjects when walking with different degrees of activity. To account for intrasubject and intersubject variability, reference force profiles were processed in a model to generate multiple force profiles describing each activity state. To estimate the activity of a subject walking in the DGO, the man-machine interaction force profile was measured, matched to each of the generated force profiles, and the best fitting profile of the different activity states was identified by the smallest Euclidian distance, respectively. By calculating the difference between these Euclidian distances, a quantitative estimate of the patient's degree of activity was obtained. The novel method was evaluated and compared to the conventional approach in a study with 18 healthy subjects. This comparison showed that the novel method was more reliable in detecting different activity states and is, therefore, a promising approach for future biofeedback systems.
I. INTRODUCTION

I
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Digital Object Identifier 10.1109/TNSRE. 2008.2008281 ferent in design and construction, the common goal of these systems was to facilitate and optimize task-specific gait training for the patients and for the therapists. One of these mechanized devices is the driven gait orthosis (DGO) Lokomat (Hocoma AG, Volketswil, Switzerland). The DGO Lokomat is based on a bilateral lower extremity exoskeleton that is used in combination with a body-weight support system and a treadmill [1] . Linear drives are integrated in the exoskeletal structure to support the stepping movements of the patient in the sagittal plane. During gait training, the legs of the patient are moved on predefined hip and knee joint trajectories on the basis of a position control strategy. To increase the spatial precision of the movement, the mechanical impedance of the linear drives is high. The feasibility and effectiveness of training programs with the DGO Lokomat were shown in subjects having suffered stroke [6] , [7] , incomplete spinal cord injury [8] - [11] , multiple sclerosis [12] , and in children with cerebral palsy [13] , [14] . A clear advantage of training with the DGO Lokomat-as well as with other gait training devices-is that the therapist is relieved from the physical strain of manually guiding the patients' legs or stabilizing the patient's torso [6] . This allows longer and a higher number of training sessions for the patient. However, the effectiveness of the mechanized gait training is potentially compromised by two factors: First, with significant assistance given to support body weight and to induce stepping, the patient may simply follow the movements of the exoskeleton in an almost passive manner, i.e., the device moves the patients' legs without his or her activity or effort. Second, the direct, manual contact between the therapist and the patient was dramatically decreased with the introduction of the exoskeletal device. Therefore, with a highly repetitive induced gait pattern, estimation of the walking performance of the patient is difficult. Additionally, any untoward behaviors might go undetected by the therapist and hence, are not communicated to the patient. Indeed, it was found that muscular activity in the legs of healthy subjects was partly reduced when walking in the DGO compared to treadmill walking [15] . Also subjects with incomplete spinal cord injury had reduced muscular activity when walking in the DGO Lokomat compared to manually assisted treadmill training [16] . To overcome these limitations, a real-time visual biofeedback method has been integrated in the DGO Lokomat in order to assess the degree of active participation of the patient during gait training [17] - [20] .
The following biofeedback criteria was developed in order to observe the main functional walking movements that are con- trolled by the linear drives: active hip extension during stance phase, swinging the leg forward during swing phase (active hip flexion), supporting body weight during stance phase (active knee extension), lifting the foot from the ground in early swing phase (active knee flexion), and placing it on the ground again during late swing phase (active knee extension). Due to the necessity of guiding weak patients with a high guidance force (i.e., a high stiffness of the DGO) along a fixed gait trajectory, the biofeedback method was based on man-machine interaction forces at the hip and knee linear drives. With this approach, the forces that the patient exerts onto the DGO are measured along each gait cycle and processed for each joint separately. This provided eight biofeedback values per step cycle (left and right hip and knee joint during stance and swing phase) to characterize the degree of activity of the patient. The biofeedback values were visually displayed on a monitor at head height in front of the patient with different display options (Fig. 1) . One of these options is a line graph, where the biofeedback value for each step cycle is displayed with a neutral value (around zero) for active stepping, a negative value for passive behavior and positive values for biomechanically correct movements with high force production by the patient.
The processing of forces to quantify the activity of the patient for each step was based on two theoretical hypotheses. 1) Active, healthy stepping results in zero interaction forces. This is due to the assumption that a healthy subject would be able to perfectly match the movements of the exoskeleton. 2) Forces in the direction of joint angular velocity are beneficial for stepping (hence awarded with positive biofeedback values) and forces in the opposite direction are detrimental (thus assigned negative biofeedback values). Based on these assumptions, the measured interaction forces were multiplied by corresponding weighting functions in order to allocate a positive or a negative sign to the biofeedback value. Further, the weighting functions allowed assignment of different weights to distinctive phases of the gait cycle. As the weighing functions were based on joint angular velocity, the sections of the gait cycle with the highest joint angular velocity received the highest weight. Two exceptions were introduced to this concept: 1) the stance phase of the knee was set at a constant because the knee has to support the body weight throughout the stance phase and 2) the weighting of the hip was reduced during the section of the highest joint angular velocity, because the movement of the thigh is not only caused by voluntary muscle activation but partly by gravity. This biofeedback method has been evaluated with a limited number of healthy subjects [18] , [19] and it was applied to patients with incomplete spinal cord injury [19] , [21] where it has been shown that the patients' opinion about using biofeedback during training was generally in favor of the biofeedback compared to no feedback. In healthy subjects a good correlation between the degree of activity of the subject and the corresponding biofeedback values was found for the swing phase, but not for the stance phase [18] , [19] . Especially, the calculation of the knee stance phase was shown to have room for improvement. Furthermore, it became apparent that active healthy stepping did not result in a zero interaction force profile throughout the step cycle. The consequence of this was an offset of biofeedback values into the negative range, i.e., active healthy stepping was often assigned a negative-instead of a positive-biofeedback value [21] . In addition, a change from passive to active behavior did not necessarily result in a force that pertained to joint angular velocity [18] , [19] .
Based on these results, we concluded that the theoretical assumptions that had been chosen for data processing were not ideal. We therefore decided to establish a novel method to estimate the degree of active participation of a subject when walking in the DGO. As opposed to the conventional approach, we based the data processing on observations of reference measurements with healthy control subjects. We hypothesized that the novel approach delivered more reliable biofeedback values compared to the conventional method, particularly for the knee stance phase.
II. METHOD
A. Measuring Reference Man-Machine Force Profiles
As a first step, we measured man-machine interaction forces of two healthy subjects when walking in the DGO Lokomat with two degrees of activity. For one measurement, the subjects were walking actively and tried to match the movements of the exoskeleton. For the second measurement, the subjects were instructed to behave passively and not to contribute to the stepping movements. With this procedure, man-machine interaction forces at the hip and knee linear drives were recorded for 30 step cycles in each condition. By averaging the man-machine interaction forces of both subjects, a reference force profile representing active stepping and passive behavior was obtained (Fig. 2) .
B. Generalization of the Reference Interaction Force Profiles
To account for the intrasubject and intesubject variability of human gait, we created a model to generalize the reference force Fig. 2 . Man-machine interaction forces of two healthy subjects. The subjects were actively walking by matching the movements of the exoskelton (active state) and behaved passively (passive state). a) Raw data and mean of hip and knee interaction forces of subject 1. b) Raw data and mean of hip and knee interaction forces of subject 2. c) Mean of hip and knee interaction forces of both subjects with the resulting averaged reference curve.
profiles for active walking (active state) and passive behavior (passive state). The model generates force profiles for the active state and passive state with samples per step cycle with the data distributed around the reference force profiles and , respectively. The generation of these force profiles with and is defined for the hip and knee joint by (1) where is the reference force profile of the state , is a factor to control the distribution of the data and is a Gaussian noise term. The magnitude of the initial value is based on a Gaussian distribution around the initial value of the reference force profile with (2) where . The magnitude of the generated force profile at the time point is calculated as the sum of the reference force profile and the weighted difference between the generated force profile and reference force profile of the previous time point
. The distance between the generated force profile and the reference force profile is multiplied by the factor to control the distribution of the data, i.e., the distance between the generated force profile and the reference force profile remains unchanged when , the generated force profile approaches the reference force profile when and departs from it when .
is based on the observed variance of the interaction forces measured in the two reference subjects, i.e., a high variance is created in the sections of the generated force profile where a high variance was observed in the measured interaction forces. The white Gaussian noise term was introduced to model the variability in the course of the generated force profiles. With this procedure, bundles of force profiles for the hip and knee joints for the "active state" and the "passive state" were generated, respectively (Fig. 3) .
C. Estimation of the Degree of Activity of a Subject Walking Within the DGO
To assess the degree of activity of a subject walking within the DGO, the measured force profile of the subject for one step cycle was matched to the generated force profiles describing the "active state"
and "passive state" , respectively. The best fitting generated force profile of the "active" and "passive state" was identified by calculating the Euclidian distance between the measured force profile and each of the generated force profiles for the stance and the swing phase and for the hip and knee joint separately (3) (4) (5) (6) with for the stance phase and for the swing phase.
After identifying the best fitting generated force profile for the active and passive state, a further step was necessary to estimate (and quantify) the patient's degree of activity. The estimation was based on the relative position of the measured force profile compared to the best fitting generated force profiles by (7) (8) where is the biofeedback value, hence the quantification of the degree of activity of the subject. For example, in the stance phase, it was determined whether the measured force profile better matched the generated force profile of the passive state or active state by calculating their Euclidian distance from the measured force profile . The difference between the Euclidian distances then represents a quantitative estimate whether the subject is more likely to be in an active state, with a positive value, or a passive state, with a negative value. The magnitude of the biofeedback value increases when the measured force profile lies close to one of the best fitting force profiles and decreases in case the force profile Fig. 3 . Comparison of measured force and generated force profiles for the "active state" and "passive state" of the hip and knee joints. Data of the whole gait cycle are shown with the stance phase from 0% to 55% and the swing phase from 55% to 100%. Top: means of measured force profiles of 18 healthy subjects. Bottom: 18 generated force profiles.
lies at a similar distance away from both best fitting force profiles. An analogous procedure was applied for the swing phase with (9) (10)
D. Evaluation of the Assessment Method
The novel biofeedback method was evaluated on 18 healthy subjects. The study protocol was approved by the local Ethics committee and conformed to the Declaration of Helsinki. All subjects gave informed written consent before inclusion in the study. The subjects had an average weight of 69.7 (standard deviation ) kg, a height of 172.9 (9.1) cm, and they were 26.2 (3) years old. Ten of the subjects were female. Similar to the measurements of the reference force profiles, the subjects were asked to 1) walk actively by matching their movements to the movements of the exoskeleton and 2) to behave passively and not to contribute to the stepping movements. After recording man-machine interaction forces during approximately 30 step cycles, biofeedback values were calculated by the conventional method and by the novel method for the hip and knee joints of both legs for the stance and swing phase of each step cycle, respectively. The correlation between the subjects' activity and feedback values was determined for each subject and each joint with both methods. First, it was tested whether an increase of degree of activity resulted in a significant increase in biofeedback values (Wilcoxon signed rank tests with ). Second, the absolute value of calculated biofeedback was analyzed, i.e., the percentage of cases where active walking did result in a positive biofeedback value was determined.
III. RESULTS
With the novel method, a positive correlation between the change of the degree of the subjects' activity and the biofeedback value was found in 97% of the cases for the knee during the stance phase compared to 17% with the conventional method. For the knee during swing phase, a positive correlation was derived in 70% of the cases with the novel method and in 64% with the conventional approach. For the hip, a positive correlation was observed in 89% of the cases for the stance phase and 69% for the swing phase. The corresponding values for the conventional feedback were 92% for the stance phase 75% for the swing phase. Negative correlations between the patients' activity and feedback values for the knee during stance phase were observed in 3% of the cases with the novel method (57% with the conventional method), in 11% (25%) of the cases for the knee during swing phase, 5% (0%) of the cases for the hip during stance phase, and 6% (11%) of the cases for the hip during swing phase (Table I) .
With the novel method, 100% of the calculated biofeedback values for the knee stance phase were in the positive range for subjects walking with full activity, compared to 10% with the conventional method. The novel method provided positive biofeedback values for subjects walking with full activity in 70% of the cases for the knee swing phase, 92% of the cases for the hip stance phase, and 77% of the cases for the hip swing phase. The corresponding values for the conventional approach were 40% for knee stance phase, 15% for hip stance phase, and 0% for hip swing phase (Table II) . 
IV. DISCUSSION
Robot-assisted gait training with the driven gait orthosis Lokomat was shown to be an effective way of restoring walking ability in patients with neurological gait disorders due to stroke [6] , [7] , incomplete spinal cord injury [8] - [11] , multiple sclerosis [12] , and in children with cerebral palsy [13] , [14] . The main advantage of mechanized gait training in comparison to manually assisted gait training or conventional physical therapy is that the therapist is relieved from the high physical strain when guiding the legs and stabilizing the body of the patient. However, due to the significantly reduced manual contact with the patient, as well as the induced gait pattern in robot-assisted gait training, the estimation of the degree of activity of the patient is covert. As active participation and activity is crucial for the effectiveness of a training regime [22] , a visual online biofeedback has been developed for the driven gait orthosis Lokomat. It has been shown that using this visual biofeedback was favored by the patients compared to when no feedback was provided [19] . Furthermore, it has been shown that the biofeedback values correlated well with the degree of activity of healthy subjects when walking within the DGO for the swing phase, but not for the knee stance phase [19] . In addition, an offset of biofeedback values was observed, resulting in mainly negative-instead of positive-biofeedback values for subjects when stepping actively within the DGO [21] .
Therefore, we developed a novel approach to estimate the degree of a person's activity level while walking in the DGO Lokomat. Similar to the conventional approach, we based our biofeedback calculations on man-machine interaction forces as measured at the hip and knee linear drives of the exoskeleton. However, while the conventional approach was based on theoretically anticipated man-machine interaction forces, the novel approach was based on measured interaction forces of healthy reference subjects when walking actively in the DGO (active   TABLE II  ANALYSIS OF THE BIOFEEDBACK VALUES state) and when not contributing to the step movements (passive state). A modeling approach was applied in order to generalize these measured force profiles and to create a multitude of reference force profiles representing the active and passive state, respectively. To determine the degree of activity of a subject walking in the DGO, the subjects' measured force profiles were matched to the reference force profiles and the best fitting reference force profile representing the active state and the passive state were identified. Following, the difference between the Euclidian distance of the measured force profile and the best fitting force profiles of the active and passive state provided a quantitative estimate of the degree of activity of the subject for the stance and swing phases of the hip and knee joints.
The method was evaluated and compared to the conventional approach in a study on 18 healthy subjects. With the novel approach, a positive correlation between the change in the degree of activity of the subjects and the corresponding biofeedback values was found in 97% of the cases for the knee stance phase, compared to 17% with the conventional approach. The percentage of positive correlations was also higher for the knee during swing phase, whereas with the conventional method slightly more positive correlations were observed for the hip. False interpretations of the change of the degree of the subjects' activity (i.e., an increase in biofeedback values with a decrease of the degree of activity of the subject) were 54% and 14% lower with the novel method for the knee during stance and swing phase, respectively. For the hip, negative correlations were 5% higher for the stance phase and 5% smaller for the swing phase. The novel method provided positive biofeedback values for active stepping in 100% of the cases for the knee stance phase, 70% for the knee swing phase, 92% for the hip stance phase and 77% for hip swing phase. With the conventional approach, the corresponding values were 10% for the knee stance phase, 40% for the knee swing phase, 15% for the hip stance phase, and 0% for the hip swing phase.
We conclude from these results that the presented novel biofeedback approach is a valuable alternative to the conventional approach. In general, less false interpretations of a change in degree of activity were detected with the novel method. Furthermore, a better correlation between the activity state of the subject and the corresponding biofeedback value was found with the novel method compared to the conventional approach, particularly for the knee during stance phase. This is valuable because during stance phase, the knee is the basic determinant for limb stability [23] and studies with healthy subjects and patients with incomplete spinal cord injury showed reduced leg muscle activity during stance phase when walking in the DGO Lokomat compared to treadmill walking [15] or manually assisted treadmill training [16] . Therefore, we consider a reliable biofeedback for the stance phase as an indispensable necessity for efficient robot-assisted gait training. In addition, a correct estimation of the patient's ability to cope with the current demands during stance phase allows a better control of the required body weight support. A second amelioration of the novel method was that active stepping in the DGO Lokomat was assigned positive biofeedback values in the vast majority of the cases, while the negative offset observed with the conventional approach [21] was confirmed by our results. The removal of this offset is a highly desired improvement of the system because patients should not be confronted with a negative biofeedback value when they perform well. One major purpose of biofeedback is to motivate the patient to execute his task, which is, of course, compromised by not awarding a desired movement with a positive biofeedback.
The key feature of the novel approach is that it was based on measured man-machine interaction force profiles of healthy control subjects. With this procedure, theoretical considerations on expected man-machine interaction forces were avoided. This is a remarkable advantage because theoretical biomechanical models for a complex system-such as the driven gait orthosis that is used in combination with a body weight support system and a treadmill-are difficult to construct and require a substantial number of assumptions such as the effect of the movement of the patient on man-machine interaction forces and other factors influencing these forces such as treadmill speed, body weight support, positioning of the patient, and the synchronization between the movements of the exoskeleton and the treadmill speed. For example, our data showed that healthy walking did not result in zero interaction forces (Fig. 2) . Furthermore, a decrease of activity resulted in unexpected forces during stance phase, which was only detected because of the measurements on reference subjects.
The novel biofeedback method has two further advantages. First, it accounts for the intrasubject and intersubject variability of human walking. In contrast to the conventional method, where the reference force was a single value, namely the zero force, the active and the passive state are described by multiple reference force profiles. These reference profiles contain the main characteristics of the active or passive state and at the same time allow variations of individual force profiles. Second, in contrast to the conventional approach, the method is not limited to detect only two degrees of activity. Theoretically, an unlimited number of states could be determined by adding further reference profiles representing conditions such as different forms of spasticity. This would be of high value for persons with neurological gait disorders who are often affected by spastic muscle contractions during gait training.
A. Clinical Significance
There are various reasons why biofeedback might be a valuable adjunct to robot-assisted gait training. As described above, with a high body weight support and a high support to guide the leg movements, a patient has the possibility to behave passively during robot-assisted gait training. However, passive guidance has been shown to be less effective for motor learning compared to active training [22] . Therefore, biofeedback should enable more efficient gait training sessions by detecting this unfavorable passive behavior. Indeed, leg muscular activity has been shown to be optimized by a visual biofeedback with the DGO Lokomat in patients with incomplete spinal cord injury [15] . In addition, patients reported that they were more motivated and concentrated on their walking movements when using visual biofeedback during robot-assisted gait training compared to when no feedback was provided [21] . In accordance, observing the visual biofeedback had the same effect on immediate motor output of patients as receiving instructions from a physical therapist [21] . In addition, the visual biofeedback allows a high degree of self control for the patients during the training, which was shown to be beneficial in physiotherapy [24] . With the possibility of providing visual biofeedback for each joint and for the stance and swing phase separately, the gait training sessions can be diversified and the motivation of the patient might be maintained during this highly repetitive exercise. In fact, it has been shown that computer feedback enhanced training adherence in healthy subjects [25] , which would probably also apply for gait rehabilitation programs. In rehabilitation programs of stroke patients, strong evidence of a positive benefit of biofeedback during gait training was constituted [26] , where most of the biofeedback systems were based on electromyography. However, we consider electromyographic biofeedback unfeasible in the daily routing of robot-assisted gait training because of the necessary additional preparation time, which is not required for our approach. In conclusion, biofeedback has a high potential to increase the quality of robot-assisted gait training by increasing the motivation and motor output of the patients and optimizing leg muscular activity.
B. Limitations
Although an amelioration of the reliability to detect different degrees of activity of the patients was achieved with the presented method, not all leg movements of the subjects were detected with 100% correctness. This is possibly not only due to the inaccuracies of the calculations, but because of the nature of the interaction forces that were sometimes overlapping for two activity states. One reason could be that the subjects were not able to behave entirely passively. On the other hand, the sensitivity of the system was limited because man-machine interaction forces were recorded from only four force sensors. Also, the force sensors are not placed at the exact location where the man-machine interaction forces are generated, but at the linear actuators. Some of the forces might therefore have been absorbed by the exoskeleton and not be detected by the force sensors, which diminished the sensitivity of the system. It remains to be investigated whether the sensitivity of the system can be increased by the addition of further force sensors.
C. Outlook
As discussed above, the field of future work will serve to extend the presented biofeedback approach in order to detect different degrees of spasticity and involuntary movements. Also, a further division of the gait cycle into functional sections such as loading response, single limb support and initiation of swing phase would allow more specific feedback. Furthermore, an index could be created to describe the performance of a patient for an entire training session. This would allow the documentation of the patients' progress during the whole rehabilitation process. A further field of research is the presentation of the biofeedback values by virtual reality scenarios. However, the most important future studies will be the ones to identify whether biofeedback in robot-assisted gait training has a significant impact on the rehabilitation outcomes of patients with neurological gait disorders and which form of biofeedback is most effective. 
